Brain ischemia was induced for 10 or 30 min by clamping the common carotid arteries in rabbits whose vertebral arteries had previously been electrocauterized. EEG and tissue content of high energy phosphates were used to verify the ischemic state and to evaluate the de gree of postischemic recovery. Extracellular levels and total contents of amino acids were followed in the hip pocampus during ischemia and 4 h of recirculation. At the end of a 30-min ischemic period, GABA had increased 250 times, glutamate 160 times, and aspartate and taurine 30 times in the extracellular phase. The levels returned to normal within 30 min of reflow. A delayed increase of extracellular phosphoethanolamine and ethanolamine Abbreviations used: 2APH, 2-amino-phosphonoheptanoic acid; CP, creatine phosphate; DGG, "/-D-glutamyl-glycine;
Cerebral ischemia belongs to a group of neuro logical disorders, a group that also includes hypo glycemia and status epilepticus, that could have common pathophysiological mechanisms related to ion homeostasis, phospholipid metabolism, and free radical reactions (Siesjo, 1981; Kogure et aI., 1982) . Particular attention has been given to the enhanced calcium entry into neurons (Griffiths et aI., 1983) and to the effect of the significant increase in free fatty acids (Bazan, 1970; Yoshida et aI., 1983) .
The concept that excitatory amino acids exert toxic effects during brain ischemia is presently re ceiving considerable experimental support. The se lective loss of neurons is seen in regions where glu tamate is involved in neurotransmission (Jorgensen and Diemer, 1982) . Elimination of synaptic activity or blocking of the postsynaptic receptor for excit-peaked after 1-2 h of reflow. Te n minutes of ischemia elicited considerably smaller but similar effects. With re spect to total amino acids in the hippocampus, glutamate and aspartate decreased to 30-50% of control while GABA appeared unaffected after 4 h of reflow. Alanine, valine, phenylalanine, leucine, and isoleucine increased severalfold. The importance of toxic extracellular levels of excitatory amino acids, as well as of high extracellular levels of inhibitory amino acids, are considered in relation to the pathophysiology of neuronal cell loss during cerebral ischemia. Key Words: Brain-Ischemia-Reperfu sion-Excitatory amino acids-Inhibitory amino acids. atory amino acids by ),-o-glutamyl-glycine (DGG) effectively protects against anoxic neuronal death in tissue cultures (Rothman, 1983; 1984) . Further more, local administration of 2-amino-7-phospho noheptanoic acid (2APH), a selective inhibitor of N-methyl-o-aspartate (NMDA) receptors into the rat hippocampus efficiently prevents the develop ment of ischemic neuronal damage (Simon et aI., 1984) , The demonstration of a release of excitatory amino acids in the rat hippocampus during ischemia gives additional support to the proposed mecha nisms (Benveniste et aI., 1984) , Evidence for similar events in hypoglycemia and status epilepticus has recently appeared in the literature (Griffiths et aI., 1983; Sandberg et aI., 1985) , Utilizing transient ischemia in the rabbit, we have studied intra-and extracellular levels of amino acids in the hippocampus, Our aims were to (a) relate the transition from reversibility to irreversibility, de fined in terms of tissue energy content and electrical activity, to changes in amino acid compartmenta tion during the ischemic period; (b) evaluate the specificity in the response of inhibitory versus ex citatory amino acids; and (c) monitor events in the recovery phase after varying periods of circulatory occlusion.
Extracellular amino acids were followed contin uously with perfusion dialysis and related to hip pocampal EEG-activity during and 4 h after a 10or 30-min period of ischemia. Tissue contents of amino acids and high energy phosphates were de termined at the end of ischemia and following 4 h of reflow.
MATERIALS AND METHODS

Surgery, dialysis-perfusion and ischemia
New Zealand white rabbits, weighing 1.5-2.5 kg, were anaesthetized with fentanyllfluanison (Hypnorm vet 0.3 mllkg) and diazepam (Stesolid 0.5 mg/kg). The vertebral arteries were exposed through a cervical dorsal incision and electrocauterized just above the process of the first cervical vertebra (Kolata, 1979) . A dialysis tube (length 10 mm, outside diameter 0.32 mm) was subsequently im planted transversely in the anterior part of the hippo campus (Hamberger et a!., 1982; . Silver electrodes were inserted along the tube for intra hippocampal EEG recording. On the following day an aesthesia was induced with methohexital (Briethal 30 mgl kg, i. v.J. The animals were tracheostomized and me chanically ventilated (Harvard rodent ventilator) with a 30/70% OzlN20 mixture. The femoral artery was cannu lated for recording of mean arterial pressure (MAP) and sampling of arterial blood for determination of blood gases and acid base balance. One ear vein was cannulated to allow i.v. infusions. The carotid arteries were reached via a midline incision on the neck, and brain ischemia was induced by clamping of the vessels. The ischemic period was 10 or 30 min and blood reflow was continued for 4 h. The brains were then frozen in situ with liquid nitrogen in a funnel that was applied on the scalped head (Ponten et aI., 1973; Welsh et aI., 1982) . The brain was later chiselled out in the frozen state. Blood gases and acid-base status were kept in the following range: arterial pH 7.3-7.45, base excess> -8, P02 8-15 kPa, Peo2 3-5 kPa. The steady state MAP was 110 mm Hg. The blood pressure usually increased for a few minutes when the carotid clamps were applied, whereafter a slow decline occurred down to � 70 mm Hg. A further fall in blood pressure was prevented by infusion of ephedrine and atropine in combination.
The dialysis tube was continuously perfused with glu cose-free Krebs-Ringer bicarbonate medium (Lehmann et aI., 1983 ) at a constant rate of 2.5 f.Ll/min. Perfusate di alysates were collected in 10-min portions, that were stored at -20°.
The extracellular amino acid concentrations were es timated on the basis of the perfusate concentrations and recovery factors obtained in vitro (Jacobson and Ham berger, 1984) .
Determination of free amino acids
Tissue samples (10-15 mg) from the hippocampus were dissected at -25° and homogenized in 150 fLl 0.6 M perchloroacetic acid. The homogenates were left in the cold for 30 min and centrifuged at 10,000 g for 15 min. After neutralization of a 100 fLl portion with 75 fLl 2 M KHC03, the extract was recentrifuged and frozen. 1985 Amino acids were measured with liquid chromatog raphy after precolumn derivatization with o-phthaldialde hyde (OPA) (Lindroth and Mopper, 1979) , The OPA derivatives were separated on a 5 fLm Nucleosil C-18column (x 200 4-6 mm) using gradient elution with increasing methanol (30-100%) in Na-phosphate buffer (50 mM, pH 5,25). The system consisted of a Varian LC 5000 chromatograph, a Schoeffel FS 970 fluorimeter, and a Waters WISP 710 B autoinjector equipped with an ad ditional pneumatic valve to perform automatic derivati zation and sample injection into the main stream without interruption of the normal flow. A mixing column was fitted before the analytical column which, however, in creased the dead volume to about 100 fLl. The auto in jector was set to withdraw 5 fLl each of sample and re agent. The reagent (100 mg OPAl was dissolved in 1 ml methanol and 100 fLl mercaptoethanol. This solution was diluted to 10 ml with 0.4 M borate buffer (pH 12.5). The quantification of amino acids was done by peak-height measurements against standard solutions.
Determination of A TP and CP
The frozen biopsies were weighed and extracted ac cording to Lowry and Passonneau (1972) , A 30 mg sample was dispersed in 0.3 ml 3 M perchloric acid at -20°C. The extract was centrifuged for 15 min at 3,000 g at 0°.
The supernatant was neutralized with 0.8 ml 2 M KHCO, and recentrifuged after proper mixing. Extracts were kept at -80° until analyzed, ATP and creatine phosphate (CP)
were measured with enzymatic-fluorometric techniques (Lowry and Passonneau, 1972) .
Statistics
Wilcoxon's nonparametric tests were used for the sta tistical evaluations,
RESULTS
Effect of ischemia on EEG and energy state
Clamping of the carotid arteries consistently gave an isoelectric hippocampal EEG within 20 s. There was a complete recovery of the EEG activity after 20 min of blood reflow when the ischemic period was limited to 10 min ( Fig. I) . After 30 min of isch emia, however, the EEG activity remained isoelec tric or of low amplitUde even after 4 h (Fig. 2) .
ATP and CP decreased to 10 and 20% of control, respectively, at the end of 30 min of ischemia. A recovery up to 40-50% of the normal levels was obtained after 4 h of reflow. ATP and CP levels had returned to normal 4 h after a 10 min period of isch emia (Fig. 3) .
Total amino acids
The levels of total free amino acids in the hip pocampus were measured in control animals, in an imals subjected to a 30-min ischemic insult or after 4 h of blood reflow after 10 or 30 min of ischemia (Table I) . Among the transmitter amino acids, as partate and glutamate showed a slight decrease at the end of 30 min of ischemia, and this effect was Levels of significance were tested vs. initial values, *p < 0.05, **p < 0.01. Representative EEG recording is displayed.
accentuated after 4 h of retlow at which time their concentration had decreased to 30-50% of the con trol level. A similar change was recorded for phos phoethanolamine while taurine was at 60-70% of the control level after 4 h. On the other extreme, alanine increased 3-4 times during the ischemic and reperfusion phases. ,),-Aminobutyric acid (GABA) levels increased slightly at 30 min of ischemia and normalized during the retlow period. Among other amino acids, valine, phenylalanine, isoleucine, and leucine, appeared unaffected after 30 min of isch emia but increased significantly to values 2-3 times the control at 4 h retlow. The amino acid levels 4 h after the lO-min ischemic insult did not differ ap preciably from the control.
Extracellular amino acids
The basal levels of free amino acids in the extra cellular phase (Table 2) were calculated from their concentration in the perfusate and recovery factors from in vitro calibrations of the dialysis tube (Ham berger et aI., 1983) . The concentrations were, with few exceptions, similar to those in the CSF.
Te n minutes of ischemia caused a statistically sig nificant increase in glutamate, i.e., 3.5 times the basal level and raised aspartate (x 2.2), GABA (x3.7) and taurine (x2.7) levels as well (Fig. 2) . The effects were reversed after 10-20 min of re tlow. A different time course was displayed by phosphoethanolamine. It appeared unaffected during the ischemic phase but increased to a peak 7 times the initial level 30 min after the ischemic phase and was not normalized until 3 h postischem ically. Similarly, ethanolamine increased slowly after the ischemic period to reach a level 3 times that of the initial level after 1-3 h of reperfusion.
Brain ischemia for 30 min incurred dramatic in creases in GABA (251 x basal level), glutamate (x 163), aspartate (x 29), and taurine (x 23) (Fig.  3) . The levels of GABA, glutamate, and aspartate were back to normal after 30 min of recirculation while taurine remained slightly elevated during the entire retlow period. Phosphoethanolamine and eth anolamine increased moderately at the end of the ischemic period and reached peak levels after 1.5 to 2.5 h of retlow, 12 and 4 times that of the initial level, respectively. Other amino acids exhib ited only modest change in response to ischemia (Table 2) .
DISCUSSION
The cessation of EEG activity in the hippo campus within 20 s and the fall in high energy phos phates were utilized to confirm the ischemic state. Both the EEG and the high energy phosphates re covered completely after 10 min of ischemia while the lack of the recovery for both parameters after 30-min ischemia indicates that the point of func tional reversibility had been surpassed. The disrup tion of ion homeostasis occurs after 3 to 5 min (Hansen and Zeuthen, 1981; Harris and Symon, 1984) and minimal values for high energy phos phates are reached after �5 min (Siesjo, 1978) . Ex tracellular amino acids increase almost linearly from the first 10 min fraction until the discontin uation of ischemia and return to normal during re circulation. The delay in appearance of a peak for extracellular amino acids indicates, however, that neuronal depolarization per se may not be sufficient to cause the secretion of amino acids (Hamberger et al., 1982) . Recapture mechanisms might initially J Cereb Blood Flow Metabol, Vol. 5, No.3, 1985 compensate for the depolarization evoked release since the compartments responsible for amino acid uptake, nerve terminals, and glia, are fairly resistent to anoxia (Hamberger and Hyden, 1963; Rothman, 1984) .
The dramatic increase in extracellular amino acid concentration, particularly for GABA, glutamate, aspartate, and taurine, could theoretically result from an ischemic damage to the blood brain barrier. However, the concentration difference between plasma and extracellular fluid in the brain (Ham berger et al., 1983) is not large enough to cause the observed effects. In addition, permeability changes in the blood-brain barrier do not appear until a few hours after the ischemic insult (Hornig et al., 1983) . Therefore, it is likely that the changes in extracel lular amino acids during ischemia result from an unspecific leakage from intracellular compartments. The relative extracellular increase of each amino acid corresponds approximately to its normal intra to extracellular concentration ratio. The extensive liberation of glutamate and aspartate is in accor dance with the previously mentioned excitotoxic concept (Jorgensen and Diemer, 1982; Simon et al., 1984; Rothman, 1984) . Although the neurotoxic mechanism (Olney, 1983) of excitatory amino acids is not completely understood, there is evidence for a hyperstimulation of postsynaptic neurons leading to calcium accumulation and cell destruction (Ber dichevsky et aI., 1983; J ansco et al., 1984) . The massive release of inhibitory amino acids during ischemia would, however, counterbalance the ex citotoxic action of glutamate and aspartate, i.e., GABA inhibits aspartate induced calcium uptake (Zanotto and Heinemann, 1983) and taurine inhibits the cellular calcium uptake elicited by NMDA (Leh mann et al., 1985a) . Furthermore, taurine preserves the integrity of neurons exposed to kainate (Fariello et at., 1982) and reduces the extent of myocardial damage after transient anoxia (Fran coni et at., 1984) .
A comparison between extracellular (Table 2) and total (Table 1) amino acid levels indicates that at the end of 30-min ischemia there was a redistribution of amino acids toward the extracellular phase while total amino acid contents remained unaffected. However, a considerable reduction in total tissue concentrations of glutamate, aspartate, and phos phoethanolamine occurred during reperfusion. These reductions could result from affected syn thetic pathways and/or inability to maintain the large transmembrane gradients related to the isch emic injury, which in turn would lead to an accel erated loss of these compounds. Extracellular levels of aspartate and glutamate rapidly returned to normal during the postischemic period, probably due to the presence of effective uptake mechanisms in still functioning cells.
In contrast, the delayed increase of extracellular phosphoethanolamine during postischemic reper fusion most likely reflects the absence of uptake mechanisms for phosphoethanolamine, This, to gether with its considerable intra-to extracellular concentration gradient, could make phosphoetha nolamine a sensitive indicator of plasma membrane failure. The extracellular appearance of phospho ethanolamine corresponds reasonably well to the postischemic fall in total phospholipid content and increase of dieneconjugates indicative of membrane derangement (Kogure et al., 1982) , In analogy, phosphoethanolamine also reaches high levels in the extracellular space in other conditions involving cell membrane damage, such as hypoglycemia (Sandberg et aI., 1985) , status epilepticus (Lehmann et aI., 1985b) and damage following administration of excitotoxic drugs (Lehmann et aI., 1983) . There is, however, little evidence suggesting that extra cellular phosphoethanolamine should be derived di rectly from the breakdown of phosphatidylethanol amine (Yoshida et aI., 1980) , since total tissue phos phoethanolamine was reduced. There is little corresponding postischemic de crease in total tissue GAB A that could be attributed to a high glutamic acid decarboxylase/GABA-trans aminase activity ratio related to persistent acidosis or energy failure during reperfusion (Erecinska et aI., 1984) . In addition, the GABA loss from the brain tissue is probably limited due to its poor blood-brain barrier permeability (Tapia, 1975) . The rather well-preserved postischemic GABA content could also be related to indications that cellular ele ments with high GABA content are more resistent to ischemia than aspartate/glutamate rich cells (Jo hansen et aI., 1983) .
The increase in alanine is a characteristic feature of brain ischemia (Tews et aI., 1963; Erecinska et aI., 1984) . Here, alanine increased significantly by the end of 30-min ischemia, intracellularly (x 3) and extracellularly (x 5.8). The former compartment in creased further while the latter decreased during recirculation, which would be expected when cel lular transport recovers. The late increase in intra cellular levels of the group of amino acids mainly related to protein turnover, i.e., valine, phenylala nine, isoleucine, and leucine, was not reflected ex tracellulariy.
In summary, the ischemic hippocampus is flooded extracellularly by excitatory as well as by inhibitory amino acid transmitters. High extracel lular levels of glutamate and aspartate might aggra vate the ischemic damage, whereas a protective ef fect of extracellular GAB A and taurine is sug gested. Phosphoethanolamine in the extracellular phase seems to be the most sensitive primary amine indicator in brain ischemia.
